A zinc metalloprotease from culture fluids of adult parasites. Experi mental Parasitolo!Jy 77, 170--178. A zinc metalloendoprotease has been isolated from in vitro culture fluids of Trichuris suis adults. The protease was purified from total culture fluids by passage through a cation exchange high-pressure liquid chromatography column. The 45-kDa protease has a pH optimum of 7.0 and an isoelectric point of 8.0 and was localized to the stichosome of the parasites using immunohistochemistry techniques.
INTRODUCTION
Trichuris suis is a nematode parasite of swine whose distribution and infectivity closely mimics that of Ascaris suum. The infection is highly pathogenic in swine, causing anemia, weight loss, anorexia, mu cohaemorrhagic diarrhea, and death in heavy infections (Beer and Rutter 1972; Batte et al. 1977) . The infection is consid ered a major cause of economic loss to the swine industry, costing up to 33% more feed per unit weight for pigs experimentally infected with T. suis than for uninfected pigs (Hale and Stewart 1979) . Much of the pathogenicity in T. suis infection is associ ated with the burrowing activities of the lar val and adult stages.
Little is known about the biochemical events involved in tissue invasion, migra tion, and feeding of T. suis larvae and adults. Proteolytic enzymes have been identified from secretions and extracts of other nematode parasites and have been shown to be involved in tissue invasion, ecdysis, and feeding (McKerrow et al. 1983; Gamble et al. 1989; Sakanari and McKerrow 1990) . Some of the pathogenic ity in these helminth infections may also be associated with secreted proteases (Mc Kerrow et al. 1990) .
In this study, we have purified and char acterized a previously undescribed pro tease from in vitro culture-derived excre tory/secretory components of adult T. suis. Antibodies prepared to the protease have been used in immunohistochemical assays to localize the protease within the parasite.
MATERIALS AND METHODS
Collection and cultivation of parasites. Adult male and female T. suis were gently pulled free of the sub mucosa of the cecum and colon of pigs that had been kept on dirt lots contaminated with r. suis infective eggs, or from pigs that were orally inoculated with 10,000 infective eggs. Eggs were collected from the fecal material of infected pigs or from eggs released from worms in culture and embryonated for 28-35 days to first-stage infective larvae (Beer 1973) .
Adult worms were washed free of contaminating material in 0.85% NaCl and then washed for I hr in four changes of sterile HBSS. Worms were incubated for 4 hr in four changes of RPM! 1640 containing pen icillin (500 U/ml), streptomycin (0.5 mg/ml), fungizone ( 1.25 µg/ml), and chloramphenicol (350 µg/ml). Worms were washed free of antibiotics in sterile HBSS, and the final wash was checked for sterility by streaking onto agar plates. The sterilized worms were placed in culture in 85 x 25-mm petri dishes (4 worms/ml media) in RPMI 1640 containing 1% glucose at 37°C in humid ified 5% C02 in air. Only viable, undamaged worms were cultured; worms remained highly active for 9-10 days under these culture conditions. Culture fluids were collected at 2-day intervals and replaced with fresh media. Culture fluids were centrifuged at 500g and then concentrated using an Amicon concentration unit with a 10-kDa cutoff. Concentrated culture fluids were sterile filtered using a 0.2-µm pore size Gelman Acrodisc and stored at 4°C.
Enzyme assays. Azocoll, dye-linked denatured col lagen (Sigma, St. Louis, MO), was used as a substrate in all assays described unless otherwise indicated. Ini tial assay conditions used 5-50 µl of the concentrated culture fluid added to tubes containing 5 mg of the azocoll substrate with the volume adjusted to I ml with 50 mM Pipes buffer, pH 7.0, containing 500 U/ml of penicillin. The tubes were incubated for 4 hr at 37°C with gentle shaking and then centrifuged at 500g and the optical density of the supernatant was determined spectrophotometrically at 540 nm. Control tubes con taining heat-inactivated culture fluids (heated to lO(l°C for 10 min in a boiling water bath) were included. The assay was optimized for pH and divalent cation re quirements before determination of specific activity (protease activity-absorbance units, 540 nm (mg pro tein)-1) and substrate specificity. All assays were per formed in triplicate and expressed as the mean of the replicates. Sterilized whole worms were ground in a tissue homogenizer in Pipes buffer containing 10 mM PMSF and centrifuged at 500g, and the supernatant was assayed for azocollytic activity as described above.
The specific activity of the supernatant of the whole worm extract was determined and compared to that of the culture fluid and the HPLC-isolated protease.
Determination of mechanistic class. Concentrated culture fluids ( 100 µg) were incubated for 30 min with 10 mM solutions of a panel of protease inhibitors (PMSF, I, 10-phenanthroline, pepstatin, aprotinin, be statin, EDT A, EGT A, TPCK, phosphoramidon, E64, leupeptin) in a volume of 200 µI. After 30 min, the volume in each tube was brought up to I ml with 50 mM Pipes buffer, pH 7.0, and assayed for azocollytic activity as described above.
The requirement for divalent cations was deter mined using a titration curve from I µM to 10 mM of MgC12, CaCl2, and ZnC12 against the metalloprotease inhibitors EDTA, EGTA, and 1,10-phenanthroline at concentrations that gave 80% inhibition of the pro tease activity (80 µM, 10 mM, and 500 µM, respec tively). Assay conditions were as described above us ing 5 mg azocoll as the substrate.
The pH optimum of the protease activity was deter mined using a series of 50 mM "Good" buffers from pH 4 to pH 10 (citrate, pH 4.0 and 5.0; MES, pH 6.0; Pipes, pH 7.0; TES, pH 7.5; tricine, pH 8.0 and 8.5; Tris, pH 9.0; and glycine, pH IO; Good et al. 1966) containing 100 µM ZnCl2 and 5 mg of azocoll as the substrate and other conditions as described above.
HPLC of culture fl uid protease. Concentrated cul ture fluid (5 .6 mg protein in 2 ml) was pumped onto a SynChropak CM-300 cation exchange column (250 x 4.6 mm; SynChrom, Inc., Lafayette, IN) attached to a Model 6000E solvent pump and Model 440 uv detector (Waters, Milford, MA) and chromatographed in a 50 mM citrate buffer, pH 5.0. Bound proteins were eluted with a linear 0 to 1.0 M NaCl gradient, with a rate of change of 0. 02 M/min · 1• Fractions were collected at a rate of I ml/min -i for 100 min and were assayed for azocollytic activity. Fractions containing protease ac tivity were pooled, dialyzed, concentrated, and run on SDS-PAGE gels (below).
Protein substrate assays. The HPLC-purified pro tease (I 00 µg) was assayed for activity against five protein substrates, laminin (mouse recombinant), elas tin (bovine), fibrinogen (pig plasma), BSA, and colla gen (soluble calf skin), used at JOO µg per tube (all from Sigma). Assays were run in triplicate using assay conditions as described above and substituting the protein substrates for azocoll. Control tubes contained 100 µg of heat-inactivated enzyme. Two 100-µl ali quots were taken from experimental and control tubes at 0, 6, 12, 18, and 24 hr. Aliquots were mixed I: I with SDS-PAGE sample buffer and run on 6-15% gradient gels and stained with 0.1 % Coomassie blue R-250 or silver stain (BioRad), or were precipitated with 6% trichloroacetic acid, centrifuged at 500g, and the ab sorbance of the supernatant read at 280 nm.
The molecular mass of the protease in concentrated culture fl uid (10 µg) was determined using gelatin sub strate PAGE gels as described by McKerrow et al. (1990) . Briefly, culture fluid samples were run on 6-15% gels containing 0.1% gelatin (porcine skin, type A, 60 bloom; Sigma) under nonreducing conditions. After electrophoresis, gels were washed in 2.5% Tri ton X-100 for 2 hr and then incubated overnight at 37°C in 50 mM Pipes buffer, pH 7.0, containing 100 µm ZnC12. The gels were stained with Coomassie blue to visualize cleared areas in the gel. Molecular weight standards were included in the run.
/soelectric focusing. The HPLC-purified protease was focused on an LKB 2117 Multiphor system (Broma, Sweden) using prepoured LKB Ampholine PAGPlates with a pH range of 3.5 to 9.5. The protease was focused for 2 hr at I0°C at an initial voltage and current of 300v and 50mA. Bio-Rad (Richmond, CA) isoelectric focusing standards with a pl range of 4.6 to 9.6 were included in each run. After focusing, the gel was fixed in 6% trichloroacetic acid and 2% sulpho salicylic acid and stained in 0.1 % Coomassie blue R-250.
Antibody production. Concentrated culture fluid (I 00 µ.g) was mixed I: I with nonreducing sample buffer and electrophoresed on 12% preparative gels containing 0.1 % gelatin. The gel was stained with Coomassie blue R-250, and the band corresponding to the protease was cut out, macerated, and mixed with 200 µ.I of CFA. This material was used to immunize two rabbits (New Zealand females, 3-4 kg, Hazelton Labs) at four separate subcutaneous sites at 50 µ.I per site. This procedure was repeated three times (last two without adjuvant); rabbits were bled by venipuncture 7 days after the last immunization. Antibody specificity was assessed by Western blotting (Hill et al. 1990 ). Concentrated culture fluid or the HPLC-purified pro tease (15 µ.g) were mixed with sample buffer and run on 6-15% gradient PAGE gels and blotted onto lmmo bilon protein binding matrix (Millipore Corp., Bed ford, MA). lmmobilon strips containing the blotted proteins were incubated overnight in the rabbit anti protease antibody and then in biotinylated goat anti rabbit second-step antibody. Blots were incubated in streptavidin-HRP, and color development was accom plished using 4-CN substrate system (Kirkegaard and Perry, Gaithersburg, MD). Unblotted PAGE gels were Coomassie blue and silver stained.
Immunohistochemistry. Immediately after isolation from the colon or cecum, adult male and female T. suis were fixed and processed for microscopy as previ ously described (Hill et al. 1990 ). Fixed worms were cut at the esophageal-intestinal junction, and the two sections of the worms were processed and embedded separately. Thick sections (80 nm) were cut using an LKB ultramicrotome and collected onto uncoated glass slides. Sections were processed for immunohis tochemistry with the IntenSE M kit (Janssen Biotech, Olen, Belgium) using the rabbit anti-protease antibody as the first-step antibody and biotinylated goat-anti rabbit antibody (Sigma) as the second-step antibody. Sections were then incubated in streptavidin--colloidal gold with 10-nm particles (Sigma) followed by silver amplification. All incubations were done at 4°C. Sec tions were counterstained for 10 sec with Ladd's Mul tistain (LRI, Burlington, VT), rinsed in PBS, mounted with Permount, and viewed using a Zeiss Photomicroscope with bright-field or Nomarski optics. Control sections were treated identically as above except for the use of normal rabbit sera as the first-step antibody.
RESULTS
Gelatin substrate gels revealed a protease with an approximate molecular mass of 45 kDa (Fig. l) . No other proteolytic activity was detected in the culture fluids; however, an autoproteolysis product of the protease was sometimes detected at 20 kDa. The 20-kDa fragment has been identified as an au toproteolysis product because: (l) the 20-kDa fragment was only detected in culture fluids after prolonged storage at 4°C; (2) rabbit antisera to the protease recognized both in Western blots; and (3) the 20-kDa fragment was identical in all respects to the 45-kDa protease in its inhibition profile.
Only EDT A, EGT A, and l, 10-phenan throline, all metal-chelating agents, inhib ited the azocollytic activity of the protease (Table 1) . None of the serine protease in hibitors (P MSF, aprotinin, leupeptin, TPCK) inhibited the proteolytic activity, nor did the aspartic (pepstatin) or cysteine (E-64) inhibitors. Bestatin, an inhibitor of aminopeptidases, had no effect on the pro tease. ln addition, phosphoramidon, an in hibitor of many bacterial metalloproteases, but not mammalian matrix metallopro- teases, did not completely inhibit the en zyme.
Titration of divalent cations into EDT A, EGT A, and 1, 10-phenanthroline-inhibited azocollytic assays demonstrated a peak in proteolytic activity when using ZnCl2 at a concentration of 100 µM (Fig. 2) . Addition of MgCl2 or CaCl2 in concentrations from 1 µM to 10 mM did not increase the level of proteolytic activity in the assays inhibited by 80 µM EDTA or 500 µM 1,10-phenanthroline. Assays inhibited by IO mM EGT A were activated by 100 µM CaCl2 and by 1 mM MgCl2• The pH optimum of the protease activity was determined to be 7.0, using a series of 50 mM buffers. No effect other than the pH of the buffer was seen on proteolytic activ ity (Fig. 3) .
Proteolytic activity was detected against fibrinogen and elastin and the cleavage fragments could be detected by their 280-nm absorbance and in PAGE gels (Fig. 4) . Cleavage of Iaminin, BSA, and soluble calf skin collagen by the protease could not be detected using the assays described.
Cation exchange chromatography of the concentrated culture fluids resulted in puri fication of the 45-kDa protease from the other proteins released in the culture fluids (Fig. 5) . The protease eluted from the cat- .
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F1G. 2. Titration curves of divalent zinc, calcium, and magnesium into azocoll assays of EDTA; EGTA; or 1,10-phenanthroline-inhibited enzyme. EGTA, •; I, 10-phenanthroline, e; EDT A, �.
ion exchange column at 30 min (0.3 M NaCl). Silver-stained 6-15% PAGE gradi ent gels of the purified peak revealed a band of 45 kDa (Fig. 6A) . The void volume from the column contained excess protease, the 20-kDa autoproteolysis product, and other released proteins. The HPLC-purified pro tease was found to have an isoelectric point of 8.0 (data not shown). Calculations of specific activity revealed a IO-fold increase in the protease activity in concentrated cul ture fluids compared with the whole worm extract, and a 20-fold increase in activity in the HP LC-purified protease (Table II) . The rabbit antisera was shown to be monospecific for the protease by Western blot analysis (Fig. 6B) . A single band with a molecular mass of 45 kDa was visible in the blots of both the concentrated culture fluid and the HPLC-purified protease.
The thick sections of adult T. suis which were stained with rabbit antiserum to the protease revealed labeling in the sticho cytes, the large globular cells which line the long, filamentous portion of the worm and surround the esophagus in both male and female worms (Fig. 7) . No labeling was ob served in any tissue outside of the sticho some. Nonspecific labeling of the sti chocytes with control sera was not ob served.
DISCUSSION
T. Suis adults released large amounts of a zinc-metalloendoprotease into culture flu ids which could be detected on substrate gels and in proteolytic assays. Secreted proteases have been isolated from culture fluids of a number of helminth parasites (Robertson et al. 1989; Jones et al. 1991; Gamble et al. 1989; Hotez et al. 1990; Sakanari and McKerrow 1990) . The sub strate gels revealed the major area of pro teolysis at 45 kDa and occasionally a minor area at 20 kDa. Data from Western blots and inhibitor profiles indicate the 20-kDa protein is an autoproteolysis product of the major component. Autoproteolysis has been reported to occur in secreted pro teases from Schistosoma mansoni (McKer row et al. 1985) .
No other proteases were detected in the culture fluids. Zinc-metalloprotease activ ity could be detected in extracts of ground adult T. suis, however, other proteases (serine) could also be detected in these ex tracts (not shown). Collection of the pro tease from culture fluid supernatants elimi nated the problem of sample contamination with other proteases as has been observed with other preparations (Robertson et al. 1989) .
The inactivation of the protease with the metal chelating agents is indicative of met alloprotease activity, especially the inacti vation by I, 10-phenanthroline, which has a much higher stability constant for zinc (2.5
x 106 M-1) than for calcium (3.2 M-1) or magnesium (1.5 M-1 ) (Dawson et al. 1986;  :'
. . magnesium, but reactivation of the pro tease in low (0.1 mM) concentrations of zinc. The inhibition of protease activity in high (mM) concentrations of zinc may be due to the formation of zinc monohydrox ide in the active site cleft as has been de scribed by Salvesen and Nagase (1989) . The zinc monohydroxide bridges a side chain in the active site to the catalytic zinc ion and acts as a psuedosubstrate prevent ing binding of protein substrates. The inhi bition of proteolytic activity in millimolar concentrations of zinc has been described for a number of metalloproteases (Gamble et al. 1989; Larsen and Auld 1988) . EGTA is not significantly different in its stability constants for calcium (11.0 M-1 ), magne sium (5.2 M-1), and zinc (12.9 M-1) (Daw son et al. 1986 ) , hence the reactivation of the protease in 0.5 mM calcium and l mM magnesium. Phosphoramidon did not com pletely inhibit the protease activity, sug- b Specific activity-protease activity/mg protein -1• gesting a similarity in action with the mam malian matrix metalloproteases which, un like bacterial metalloproteases, are not completely inhibited by phosphoramidon (Suda et al. 1973; Salvesen and Nagase 1989) .
The protease isolated from the culture fluids of T. suis adult worms may be asso ciated with feeding and/or tissue penetra tion. The blood component fibrinogen and the connective tissue substrate elastin were degraded by the protease. T. suis is re ported to be a blood feeder (Beer and Lean 1973; Bundy and Cooper 1989) cosal connective tissues in the cecum and colon; however, the feeding behavior of T. suis larvae remains undescribed. A pro tease with a similar dual function (tissue mi gration and feeding) has been described from Ancylostoma canium (Hotez et al. 1985; Hotez and Cerami 1983) . The zinc-metalloprotease was shown to be a neutral endopeptidase with a pl of 8.0 and a pH optimum of 7.0. The pH optimum of 7 .0 suggests that the enzyme is active in tissue spaces where this pH is normal and is involved in feeding or tissue penetration. Proteases from other helminth parasites have been shown to have similar isoelectric points and pH optima (Robertson et al. 1989; Gamble et al. 1989) .
Localization of the protease to the sti chocytes suggests that the protease is se- creted through the mouth of the worm into the tissue spaces. The actual process of se cretion is unknown; the Trichuridae belong to the class Adenophorea, whose members possess no described excretory organs such as phasmids or flame cells. However, anti genic molecules have been shown to be elaborated from the mouth of T. spiralis (Adenophorea) during in vitro culture (Gamble and Graham 1984) . A bacillary band is found on the ventral surface of the T. suis stichosome, the function of which is unknown. It is thought to be involved in osmotic balance (Schmidt and Roberts 1985) and possibly secretion. Large cephal ic glands which may have a secretory func tion are also found on the stichosome (Batte et al. 1977) . A secreted proteolytic enzyme has been isolated and localized to glandular cells in Porocephalus pentas tomids (Jones et al. 1991) , however, the function of the enzyme is not known.
Kinetic studies are now underway on the newly described protease, as are attempts to isolate the protease from larval stages of the parasite.
